Ab initio and density-functional theory electronic structure calculations have been performed for the 1:1 complexes of tetrahydrofuran with water, hydrogen fluoride, and ammonia. Upon hydrogen bonding with H 2 O and HF, the structure of tetrahydrofuran ͑THF͒ remains relatively unchanged with the exception of THF sites involved in hydrogen-bonding interaction. But the similar findings are not true, upon hydrogen bonded with NH 3 , where the C 2 symmetry of THF changed. The hydrogen-bonding strength for the 1:1 complexes of THF with water, HF, and NH 3 is found to be in the order HF Ͼ H 2 O Ͼ NH 3 , which is well characterized by the order in bond angles O 2 H 15 F 14 , O 2 H 16 O 14 , and O 2 H 15 N 14 closer to linearity, respectively, and the redshifted of stretching frequencies of v FH , v OH , and v NH , respectively. This work is an attempt to provide important predictions and to aid in future experimental and theoretical studies towards the understanding of such hydrogen-bonded van der Waals systems.
I. INTRODUCTION
Hydrogen bonding has been of great interest in both chemical and biochemical sciences. [1] [2] [3] [4] The nature of hydrogen bonding and its relationship to other weak forces of molecular association are central themes in several areas of current research. It determines the shapes of proteins and the genetic code information in DNA and RNA. Besides, it lies at the heart of a series of phenomena ranging from the structure of liquid water, physicochemical properties such as boiling points of organic materials and hydrides of the group-IV elements, and cluster-physical chemistry. Pauling has described the nature of the intermolecular hydrogen bonding, the relatively strong form of intermolecular interaction as electrostatic interaction. 5 In addition to this, the weaker intermolecular forces, dispersion interaction has also been suggested for hydrogen-bonded system. [6] [7] [8] Tetrahydrofuran ͑THF͒ is a principal member of the class of dipolar aprotic solvent, which serves as ideal media for a variety of important chemical reactions. There are some experimental [9] [10] [11] [12] and theoretical studies 13 on the geometrical structure of THF. Earlier, the effect of hydrogen bonding on vibrational spectra of THF has been analyzed. 14 Study of solvent effects in both structure and spectroscopy of hydrogen-bonded systems has also been carried out. [13] [14] [15] [16] [17] [18] [19] [20] Experimental studies [21] [22] [23] and Monte Carlo statistical mechanics simulation studies [24] [25] [26] for liquid water and THF were also reported. In our earlier report, we have pointed out the role of basis set size, inclusion of diffuse functions and polarization functions, and electron correlation effect for the hydrogen-bond interaction in THF-water complex. 27, 28 Although it is important to understand the interaction between THF and water, fundamental information about hydrogenbonding interactions in different systems that involve THF can be obtained by investigating the interactions between THF and a variety of small molecules. In this paper, we would like to report the ab initio and density-functional theory ͑DFT͒ electronic structure calculations for the 1:1 complexes of tetrahydrofuran with water, hydrogen fluoride, and ammonia. The three molecules chosen display a range in proton affinities and acidities and therefore have different hydrogen-bond donating and accepting abilities. The optimized geometry, vibrational frequencies, rotational constants, dipole moments, and interactions of these hydrogenbonded van der Waals systems are reported and compared with the isolated moieties. As far as we are aware, such complexes have never been observed in spectroscopic experiments or previously considered in theoretical studies. Hence, to assist in identifying a possible structure we also calculate and report the infrared spectra of the three stable hydrogenbonded complexes. Moreover, the charge distributions are also reported for the 1:1 complexes of THF with H 2 O, HF, and NH 3 .
II. METHOD
The geometry and harmonic vibrational frequencies of THF, water, hydrogen fluoride, and ammonia molecules and the corresponding hydrogen bonding 1:1 complexes of THF with water, hydrogen fluoride, and ammonia have been calculated using MP2 and DFT methods with 6-311+ G ** and aug-cc-pVDZ basis sets. B3LYP ͑Refs. 29-32͒ is chosen as density functional for this study. This is a hybrid functional consisting of Becke's exchange functional, the Lee-YangParr correlation functional, and a Hartree-Fock exchange term. McAllister 33 found that DFT using nonlocal and gradient-corrected functionals performed very similarly to a͒ other correlated methods including calculations at the MP2 level of theory. Besides, previous DFT studies [34] [35] [36] [37] [38] [39] clarified that one has to apply gradient correction in both the exchange and the correlation parts of the potential to get meaningful results in the intermolecular framework. Moreover, Rabuck and Scuseria 40 have shown that B3LYP density functional with Pople-type 6-311G triple split valence sets 41 with both diffuse and polarization functions provide very good result for geometries and energies of hydrogen-bonded structures, closely comparable to the Becke "half-and-half" exchange functional ͑BHLYP͒ and definitely superior to kinetic-energy-dependent functionals. Pople-type 6-311G triple split valence sets are employed for our calculation. Single-point energy calculations at CCSD, CCSD͑T͒, QCISD, and QCISD͑T͒ levels on MP2-optimized geometries have also been carried out to better estimate the hydrogenbonding strengths. In our previous report, we have pointed out that the atoms involved in the hydrogen bonding in THFwater complex were found much more sensitive to the basis sets with the diffuse and polarization functions. Thereby, in our current study, we have considered the 6-311+ G ** basis set and the augmented correlation-consistent polarized valence sets of double zeta quality ͑aug-cc-pVDZ͒. 42 The calculated hydrogen-bonding energies are corrected for the basis set superposition error ͑BSSE͒, using counterpoise method. 43 The electronic structure calculations have been performed using the GAUSSIAN 98 program.
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III. RESULTS AND DISCUSSION
Figures 1͑a͒-1͑c͒ depict the optimized structure for the THF-water complex, THF-HF complex, and THF-NH 3 complex, respectively. The stability sequence obtained for THF symmetry is C 2 Ͼ C s Ͼ C 2v . 13 From Figs. 1͑a͒ and 1͑b͒, it can be observed that THF retains its C 2 symmetry even after hydrogen bonded to water and HF, where as the C 2 symmetry is changed, after complexation with NH 3 ͓Fig. 1͑c͔͒. The calculated geometry-optimized parameters, dipole moments, rotational constants, and zero-point vibrational energy ͑ZPVE͒ for the isolated THF monomer ͑C 2 symmetry͒ have been compared with experimental results and the available reported theoretical results ͑cf. EPAPS Table I͒ . 45 The calculated geometry parameters for these three different complexes ͑THF-water, THF-HF, and THF-NH 3 ͒ are listed in Tables I-III, respectively. Table IV A. Structure and rotational constants
THF-water
In Table I , the calculated geometry parameters of the THF-water dimer using 6-311+ G ** basis set at MP2 and B3LYP levels has been reproduced from our earlier study. 
THF-HF
As shown in Table II , the calculated hydrogen bond length O 2 -H 15 is found to be 1.595 and 1.617 Å using augcc-pVDZ and 6-311+ G ** basis sets, respectively, at the MP2 level, compared to 1.595 and 1.612 Å, respectively, at the B3LYP level. It indicates that turning to the larger basis set, the O 2 -H 15 bond length contracted to 0.017 Å at the MP2 level and 0.022 Å at the B3LYP level. Interestingly, the O 2 -H 15 bond length found to be same using higher basis set at both MP2 and B3LYP levels. Due to the hydrogen bonding, the bond length F 14 -H 15 is found to be increased ͑0.028-0.033 Å͒, as compared to those in free HF molecule. The O 2 H 15 F 14 angle is close to being linear at 176.4°at B3LYP/aug-cc-pVDZ ͑176.8°at B3LYP/ 6-311+ G ** ͒ and it is 174.4°in the MP2/aug-cc-pVDZ calculation ͑175.7°at MP2 / 6-311+ G ** ͒, justified the dispersive attraction between free O atom in THF and the free F atom in HF. Upon hydrogen bonding with HF, the structure of THF remains relatively unchanged with the exception of the THF sites involved in hydrogen-bonding interactions. The bond lengths C 1 -O 2 and O 2 -C 3 increase significantly as compared to free THF monomer. The bond angle C 1 O 2 C 3 is also found to be increased, after complexation with HF. The changes in bond lengths are shown in Table VIII . Upon complexation with HF, the bond lengths ͑C 1 -O 2 and O 2 -C 3 ͒ increased by ϳ0.006 Å at MP2/aug-cc-pVDZ ͑ϳ0.015 Å at B3LYP/augcc-pVDZ͒ and the bond angle C 1 O 2 C 3 is increased by ϳ0.3°a t MP2/aug-cc-pVDZ ͑ϳ4.3°at B3LYP/aug-cc-pVDZ͒, as compared to those obtained upon complexation with water. 
THF-NH 3
From Table III , it can be seen that the hydrogen bond length O 2 -H 15 is obtained as 2.133 and 2.151 Å using augcc-pVDZ and 6-311+ G ** basis sets, respectively, at the MP2 level, compared to 2.187 and 2.138 Å, respectively, at the B3LYP level. On using larger basis set, the bond length O 2 -H 15 is contracted by 0.018 Å at the MP2 level while the same is increased by 0.049 Å at the B3LYP level. The structure of this complex is significantly different from those mentioned earlier ͑THF-water and THF-HF͒. Upon complexation with NH 3 , the C 2 symmetry of THF changed to Cs. The bond length N 14 -H 15 is found to be increased slightly ͑0.003-0.004 Å͒, as compared to those in free NH 3 molecule upon complexation. The O 2 H 15 N 14 angle is 158.3°at B3LYP/aug-cc-pVDZ ͑157.6°at B3LYP/ 6-311+ G ** ͒ and it is 158.6°in the MP2/aug-cc-pVDZ calculation ͑157.9°at MP2 / 6-311+ G ** ͒. The calculated rotational constants for the 1:1 complexes of tetrahydrofuran with water, hydrogen fluoride, and ammonia, using the largest aug-cc-pVDZ basis set, are compiled in Table IV . Because of a lack of experimental evidences, we note the rotational constants as a point of reference for the future experimental work. However, DFT method has predicted very satisfactory values for isolated THF monomer approaching to the reported experimental rotational constants ͑cf. EPAPS Table I͒.   45   TABLE V 
B. Energetics and charge distribution
The absolute energies, zero-point energies ͑in hartree͒, and BSSE-corrected binding energies ͑in kcal/mol͒, for the 1:1 complexes of THF with water, HF, and NH 3 , are listed in Tables Va-Vc, respectively.
THF-water
From Table V͑a͒, it can be observed that the BSSEcorrected binding energy tended to decrease with the basis set size for the B3LYP calculations while the opposite trend is observed for the MP2 calculations. In both cases, the difference in binding energy produced by small ͓6-311+ G ** ͔ and larger ͓aug-cc-pVDZ͔ basis sets is about 1.0 kcal/ mol. The effect of BSSE on the binding energies is quite selective. Since the BSSE introduces a nonphysical attraction between the monomers, the counterpoise corrections make the complex less stable, which is observed to be larger for the MP2 calculations as compared to B3LYP. However, single-point energy calculations at CCSD, CCSD͑T͒, QCISD, and QCISD͑T͒ levels on MP2 geometry have been carried out to better estimate the hydrogen-bonding strength. It is widely known that the quadratic configuration-interaction ͑QCI͒ method can be viewed as an approximate coupled-cluster technique, and indeed it has been shown explicitly that results from CC and analogous QCI methods are generally very similar. 46, 47 We also interestingly note that the BSSEcorrected binding-energy values are very similar for the CC and QCI methods. The BSSE-corrected binding energy for THF-water complex is 5.64 kcal/ mol at both CCSD͑T͒ / 6-311+ G ** / / MP2 / 6-311+ G ** and QCISD͑T͒ / 6-311+ G ** / / MP2 / 6-311+ G ** . Whereas for the larger basis set, it is found to be 6.27 and 6.36 kcal/ mol at CCSD͑T͒/ aug-cc-pVDZ//MP2/aug-cc-pVDZ and QCISD͑T͒/aug-ccpVDZ//MP2/aug-cc-pVDZ, respectively. Turning to larger basis set the binding energy increased by about 0.6-0.7 kcal/ mol at both CCSD͑T͒ and QCISD͑T͒ levels on MP2 geometry. Interestingly, the BSSE-corrected binding energy obtained at MP2 / 6-311+ G ** is found to be nearly the same ͑only difference by 0.01-0.04 kcal/ mol͒ to those obtained with CCSD and QCISD levels using aug-cc-pVDZ basis set on MP2/aug-cc-pVDZ-optimized geometry. B3LYP calculation using the larger basis set underestimates the binding energy by around 0.66 kcal/ mol, whereas the MP2 calculation has only 0.16-kcal/ mol difference as compared to those obtained at CCSD͑T͒ and QCISD͑T͒ levels on MP2 geometry.
THF-HF
As shown in Table V͑b͒ , similar to THF-water complex, the BSSE-corrected binding energy for THF-HF complex tended to decrease with the basis set size for the B3LYP calculations while the opposite trend is observed for the MP2 calculations. The difference in binding energy produced by small ͓6-311+ G ** ͔ and larger ͓aug-cc-pVDZ͔ basis sets is about 0.15 and 1.14 kcal/ mol at B3LYP and MP2 levels, respectively. The effect of BSSE is also found to be larger for MP2 calculations as compared to B3LYP. The BSSEcorrected binding energies for THF-HF complex are also found to be very similar, 11.07 and 11.06 kcal/ mol at CCSD͑T͒ and QCISD͑T͒ levels using larger basis set on MP2/aug-cc-pVDZ geometry ͑9.95 and 9.94 kcal/ mol, using 6-311+ G ** basis set on MP2 / 6-311+ G ** geometry͒, respectively. Turning to the larger basis set the binding energy increased by 1.12 kcal/ mol both at the CCSD͑T͒ and QCISD͑T͒ levels on MP2 geometry. It is also interesting to note that the binding energy increased nearly by 0.65 kcal/ mol compared to those obtained at the CCSD and QCISD levels on MP2 geometry, using aug-cc-pVDZ basis set. B3LYP calculation using the larger basis set overestimates the binding energy by 0.68 kcal/ mol and MP2 calculation also overestimates it by 0.3 kcal/ mol as compared to those obtained at the CCSD͑T͒ and QCISD͑T͒ levels on MP2 geometry.
THF-NH 3
As shown in Table V͑c͒ , the BSSE-corrected binding energy for the THF-NH 3 complex is found to be decreased by 0.09 kcal/ mol at B3LYP calculation and it is increased by 0.23 kcal/ mol at MP2 calculation, while moving from 6-31 +G ** basis set to aug-cc-pVDZ basis set. The BSSEcorrected binding energies for THF-NH 3 complex are found similar at CCSD͑T͒ and QCISD͑T͒ levels, 3.29 and 3.31 kcal/ mol, using aug-cc-pVDZ basis set and 3.02 and 3.03 kcal/ mol, using 6-311+ G ** basis set on corresponding MP2-optimized geometry, respectively. On shifting to larger basis set the binding energy nearly increased by 0.28 kcal/ mol both at the CCSD͑T͒ and QCISD͑T͒ levels on MP2 geometry. It is also interesting to note that the binding energy increased by about 0.37 kcal/ mol compared to those obtained at CCSD and QCISD levels on MP2 geometry, using aug-cc-pVDZ basis set. B3LYP calculation using the larger basis set underestimates the binding energy by 0.67 kcal/ mol and MP2 calculation overestimates it by 0.12 kcal/ mol as compared to those obtained at the CCSD͑T͒ and QCISD͑T͒ levels on MP2 geometry.
Moreover, the hydrogen-bonding strength for As seen in Table VI , the hydrogen-bond strengths correlate strongly with the charge separations and the dipole moments of the complexes. The dipole moment value obtained for the isolated water is 1.93 D approximating to the experimental value of 1.86 D. 48 In THF-water complex, the oxygen atom in H 2 O gained more negative charges and the hydrogen atom involved in hydrogen bonding lose positive charges upon complexation. The dipole moment value of isolated HF is found to be 1.83 D very similar to the experimentally observed value, 1.82 D. 48 In THF-HF complex, the fluorine atom in HF gained more negative charges and the hydrogen atom involved in hydrogen bonding lose positive charge upon complexation. Interestingly, the oxygen atom in THF also loses negative charges upon complexation. For the isolated NH 3 , its dipole moment value is obtained as 1.61 D, as compared to those obtained as 1.47, experimentally. 48 In THF-NH 3 complex, the nitrogen atom in NH 3 also gained negative charges upon complexation while the hydrogen atom involved in hydrogen bonding lose positive charges. The dipole moment values for the 1:1 complexes of THF with water, HF, and NH 3 are obtained as 1.71, 4.26, and 0.68 D, respectively. Moreover, the dispersion interaction energies 27 for the 1:1 complexes of THF with water, HF, and NH 3 are found to be in the order HF Ͼ H 2 O Ͼ NH 3 , as 0.119 kcal/ molϾ 0.075 kcal/ molϾ 0.034 kcal/ mol, at MP2/ aug-cc-pVDZ.
C. Vibrational frequencies
We have computed the harmonic vibrational frequencies and the corresponding infrared intensities for the three different complexes of THF-water, THF-HF, and THF-NH 3 and the corresponding moieties as well, at the B3LYP and MP2 levels using aug-cc-pVDZ basis set. The predicted infrared spectra of these complexes may be useful for a possible experimental detection of the complexes. Thus these spectra are summarized ͑cf. EPAPS Tables IIa-IIc for THFwater, THF-HF, and THF-NH 3 , respectively͒. 45 It has been found [49] [50] [51] [52] that the harmonic frequencies are good approximations to the experimental values if the intermolecular vibrations have large reduced masses and the displacements of normal vibrations are small relative to the equilibrium bond lengths and angles. There are six intermolecular normal modes for the 1:1 complexes of THF with water and NH 3 , and five intermolecular normal modes for the 1:1 complex of THF with HF are obtained, which are listed along with their high reduced mass in Table VII . Out of the six intermolecular modes of THF-water complex: two out-of-plane rocking modes, aЉ of 1 ͑symmetric͒ and 2 ͑asymmetric͒, approximately perpendicular to the THF molecular plane, two inplane wagging modes, aЈ of ␤1 ͑symmetric͒ and ␤2 ͑asym-metric͒, parallel to the THF, one aЉ torsional mode ͑͒ around the H-bond axis and the aЈ H-bond stretch mode, . The modes , 1, and ␤1 arise from conversion of three translational degrees of freedom of THF and water moieties. The other three modes originate from the three rotational degrees of freedom of the water molecule. In THF-NH 3 complex, the six intermolecular modes are characterized as one out-of-plane rocking mode 1, one in-plane wagging mode ␤1, and the hydrogen-bond stretch mode , correlated with relative translational motions of the THF and NH 3 moieties. The rotational motions of the free ammonia molecule around its three inertial axes are correlated with the hydrogen-bond torsional vibration , the other out-of-plane rocking mode 2, and a second in-plane wagging mode ␤2. The five intermolecular modes in THF-HF complex are characterized as two rocking modes of 1 and 2, two wagging modes of ␤1 and ␤2, and one H-bond stretch mode . However, mixed inter/intramolecular vibrations: the preponderant vibrational motions are also observed due to coupling of different modes of low-frequency vibrations which are near by in energy. The v OH stretching frequency decreases by 326.72 and 366.22 cm −1 at B3LYP and MP2 levels using aug-cc-pVDZ basis set upon complexation, consistent with a strong hydrogen bond in THF-water complex. Whereas the redshift of the v FH stretching frequency by 736.45 and 741.54 cm −1 at B3LYP and MP2 levels using aug-cc-pVDZ basis set upon complexation, characteristic for the very strong hydrogen bond in THF-HF complex. In contrast with the strong and very strong hydrogen bonds in THF-water and THF-HF, respectively, weak hydrogen bonding in THF-NH 3 complex is consistent with the redshift of the v NH stretching frequency by 19.39 and 30.95 cm −1 at B3LYP and MP2 levels using aug-cc-pVDZ basis set upon complexation.
IV. CONCLUSIONS
We have performed the correlated MP2 and B3LYP density-functional electronic structure calculations for the 1:1 complexes of tetrahydrofuran with water, hydrogen fluoride, and ammonia. The optimized geometry, vibrational frequencies, rotational constants, dipole moments, ChelpG charge distribution, and dispersion interactions of these hydrogen-bonded van der Waals systems have been reported and compared with the isolated moieties. Upon hydrogen bonding with H 2 O and HF, the structure of THF remains relatively unchanged with the exception of THF sites involved in hydrogen-bonding interaction. But the similar findings are not true, upon hydrogen bonded with NH 3 , where the C 2 symmetry of THF changed. The hydrogen-bonding strength for the 1:1 complexes of THF with water, HF, and NH 3 is found to be in the order HF Ͼ H 2 O Ͼ NH 3 , which is well characterized by the order in bond angles O 2 H 15 F 14 , O 2 H 16 O 14 , and O 2 H 15 N 14 closer to linearity, respectively, and the redshifted of stretching frequencies of v FH , v OH , and v NH , respectively, as well. As far as we are aware, such complexes have never been observed in spectroscopic experiments or previously considered in theoretical studies. Thereby, this work is an attempt to provide important predictions and to aid in future experimental and theoretical studies towards the understanding of such hydrogen-bonded van der Waals systems. Improved calculations, using higher level of theories and increased basis set size, are needed, however, to achieve satisfactory accuracy and reliability at an economical computational cost.
